An iterative method for deducing the general temperature and moisture structure of the troposphere from satellite radiation measurements of medium spectral resolution is described. The temperature and moisture profiles derived from simulated and radiometrically observed radiances, pertaining t o clear atmospheres, are shown to agree favorably with the radiosonde profiles. The method is expanded to enable the inference of the temperature and moisture profiles of partly cloudy atmospheres. The ability of the method to recognize severe noise in radiance observations which lead to unacceptable temperature and moisture solutions is demonstrated.
INTRODUCTION
Since the inception of the meteorological satellite, much attention has been directed toward the problem of inferring the temperature structure of the atmosphere from infrared radiation observations taken from orbiting vehicles. Unfortunately, no unique closed-form solution for the temperature profile can be obtained from a finite number of remob radiation measurements. Nevertheless, numerous approximate solutions derived from high spectral resolution radiance measurements in the 15p C02 band may be found in the literature (e.g., Wark [ [4] ). All of the solutions obtained to date, however, have been directed toward deducing the temperature profile of the atmosphere above the 500-mb. level where the dependence of the sensed radiation on water vapor may be neglected. Furthermore, none of the solutions given in the literature to date is directly applicable when partial cloudiness exists within the field of view of the radiometer.
I n this paper a predictor-corrector method, which makes use of five remote medium spectral resolution measurements, is utilized to deduce the temperature and moisture structure of the non-overcast troposphere. The solutions obtained by this method are shown to be adequate to describe the significant qualities of the troposphere. A relation between severe noise in the radiance observations which leads to unacceptable temperature and moisture solutions and the number of iterations required to obtain these solutions is also demonstrated.
THEORETICAL BASIS
The intensity of the radiation reaching a satellite detector a t the frequency v may be expressed for a clear atmosphere as (1) where
B[v, T ( p ) ] is the Planck radiance which is a function
of the temperature T at the pressure p ; ~[ v , U(p)] is the transmissivity of the mass of optically active gas U above the pressure p ; and p , refers to the pressure a t the earth's surface. The first term on the right in (1) represents the surface contribution while the second term illustrates the atmospheric contribution to the total radiation. Thus, if the distribution of absorbing gas is known, the radiation measured by the satellite can be related t o the temperature profile; or conversely, if the temperature profile is known the intensity of radiation can be related to the distribution of absorbing gas. Furthermore, the transmittance function is highly dependent on frequency as well as gas amount. Near absorbing band centers only a small amount of absorbing gas is necessary to completely hinder transmission; hence, most of the outgoing radiation a t frequencies near band centers arises from the upper levels of the atmosphere. On the other hand, at frequencies far from absorbing band centers relatively large amounts of absorbing gas are necessary to hinder transmission ; hence, at these frequencies most of the radiation leaving the atmosphere arises from the lower layers of the atmosphere. It is this relationship which enables vertical resolution of the temperature and absorbing gas profiles to be obtained from a set of radiation measurements in different frequency regions. In this paper radiation measurements in the wings of the 1 5 p C02 band are used to derive the temperature profile of the troposphere since the distribution of COz is known. However, because there is significant absorption in these spectral regions by the water vapor existing in the troposphere, a simultaneous solution for the 364 MONTHLY WEATHER REVIEW Vol. 95, No. 6 water vapor distribution must be obtained in order to arrive at an acceptable solution for the temperature profile. Measurements in the rotational and 6 . 3~ bands of water vapor are utilized to deduce a simultaneous estimate of the water vapor distribution .of the troposphere. 
METHOD OF I NFERENCE
The temperature distribution of the troposphere may be represented adequately by two lapse rates, y= -aT/az: one pertaining to the lowest 50 mb. of atmosphere, yl, and one pertaining to the atmosphere above the lowest 50 mb., yz. Assuming hydrostatic equilibrium these distributions are given by
and where R is the gas constant for dry air, g is the gravitational acceleration, and p l refers to the tropopause pressure. The average vertical distribution of specific humidity, w(p), for the troposphere is also assumed to be adequately represented by a power law:
where is a dimensionless parameter describing the moisture lapse with pressure. If the temperature of the level 50 mb. above the surface exceeds the surface temperature by more than 5" C., a better approximation to the moisture distribution of the lowest 50 mb. can be made by assuming the relative humidity of this region to be constant. In this case the specific humidity of the lowest 50 mb. is given by
I
The distribution above the lowest 50 mb. is then assumed to be given by ~ Thus, the tropospheric distributions of temperature and moisture may be assumed to be described by the five parameters T(po), yI, 72, w(po), and A. It is the purpose of this paper to estimate these parameters from satellite radiation observations. Figure 1 illustrates the relative contributions to the outgoing radiation in five different spectral intervals. This figure is based on the temperature distribution of the A.R.D.C. Standard Atmosphere and a water vapor dis- where water vapor absorption is a t a minimum. As may be inferred from their respective relative contributions, the outgoing radiation in these two regions is highly dependent on the temperature lapse rates of the middle and lower troposphere. Curve 2 refers to a spectral region of the rotational water vapor band where the outgoing radiation is highly dependent on the distribution of moisture throughout the troposphere. Curve 4 refers to a spectral region in a wing of the 6 . 3~ band where the outgoing radiation is highly dependent on the moisture near the earth's surface, whereas Curve 5 refers to a spectral region in the As illustrated above, the outgoing radiation in each of the spectral intervals referred to in figure 1 may be physically related to one of the temperature and moisture parameters of the model profiles given by equations (2) to (6) . Knowing this physical relation, we may utilize a predictor-corrector method to solve for the five parameters of the model profiles from observations of the outgoing radiation in the five spectral intervals. Basically this method consists of reducing the intensity residuals by systematically varying the parameters of the model profiles. The procedure begins with an initial estimate of the five parameters in which few, if any, of the observed radiances are satisfied within a preset convergence criterion. In practice, the convergence criterion is chosen as the random error of the instrument. The surface temperature is then varied until the computed radiance in the 1 0 . 5~ region agrees with the observed radiance in this spectral region. With a first estimate of surface temperature, the upper tropospheric lapse rate, y2, is varied until the computed radiance in the 1 3 . 5~ region agrees with its observed value. Having changed the upper tropospheric lapse rate from its initial condition, one must then obtain another estimate of the surface temperature and subsequently further estimates of the upper-level lapse rate until finally both the 1 0 . 5~ and 1 3 . 5~ radiances are satisfied by the same values of surface temperature and upper tropospheric lapse rates. The procedure continues in a similar manner iterating next on surface specific humidity using the 8 . 2~ radiance and then on the specific humidity lapse rate utilizing the 1 8 . 9~ radiance and subsequently on the lower tropospheric lapse rate using the observed 1 2 . 8~ radiance until finally five parameters of the model profiles result which satisfy all five satellite radiance measurements within the observational error.
The resulting model profiles of temperature and moisture are then assumed to represent the actual temperature and moisture distribution within the atmosphere beneath the satellite. The details of the above procedure are given by
The outgoing radiation in the 1 3 . 5~ region is slightly dependent on the temperature distribution of the stratosphere. However, since this contribution above the troposphere is less than 3 percent of the total outgoing energy, little error will result by assuming the temperature distribution of the A.R.D.C. Standard Atmosphere for this region. Also it is known that the surface specific humidity must lie between zero and its saturation value. In the above-described procedure if a calculated surface specific humidity exceeds its calculated saturation value, the surface humidity is temporarily assumed to be ninetenths of its saturation value. If the calculated specific humidity is equal to or less than zero, it is temporarily assumed to be threetenths of its saturation value. This procedure allows the iterative process to be continued in a physically consistent manner. Figure 2 illustrates the temperature and moisture solutions derived from the same initial conditions for two entirely different types of cloudless soundings. The temperature and moisture calculations in the upper illustration were made from exact outgoing radiance values computed from the radiosonde temperature and moisture profiles. The dots represent the radiosonde measurements whereas the solid curves represent the temperature and moisture profiles calculated from the radiance values. In this case, the largest errors in the calculated temperature and specific humidity are less than 2' K. and 0.2 gm./kg., respectively. The dashed curve in figure 2a illustrates the difference in the heights of the various pressure levels obtained from the observed surface pressure and the radiosonde and calculated temperature soundings. The errors in the heights are less than 40 m. throughoil t the troposphere. Figure 2b illustrates the temperature and moisture solutions derived from radiance observations taken by a NASA interferometer which was positioned on a balloon at the 7-mb. level over Palestine, Tex., on May 8, 1966 . This interferometer flight is described elsewhere by Chaney, Drayson, and Young [SI. The interferometer measured the upward radiances in the spectral region between 500 cm.-' and 2000 cm.-' with a spectral resolution of approximately 5 cm.-' From a three-scan average spectrum of upward radiance, the total radiance of each spectral region employed in this paper was computed and subsequently the temperature and moisture profiles shown in figure 2b were calculated. The radiosonde and calculated profiles are in good agreement; the only substantial disagreement occurring in the lowest 200 mb. As can be seen from the height deviation curve, however, errors in temperature occurring near the earth's surface will not lead to a substantial error in the heights of pressure levels of the middle and upper troposphere. This is due to the fact that an error in the height, z', of a pressure level p above the earth's surface is given by where T'(p) is the temperature error. Hence, because of its dependence on the natural logarithm of pressure, a given temperature error will lead to a greater error in z if it occurs near the level p than if it occurs near the surface PO. It is also apparent from equation (7) that it is necessary to know, to a high degree of accuracy, the surface pressure p o in order to derive a useful estimate of z. Unfortunately an accurate estimate of po cannot be obtained from satellite radiation measurements. 
RESULTS
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METHOD OF SOLUTION IN THE PRESENCE OF CLOUDS
Since clouds tend to be opaque to infrared radiation, solutions for the temperature and moisture of the lower troposphere can be obtained only from radiances leaving relatively clear atmospheric columns. Furthermore, the solution for the temperature and moisture profiles above non-opaque clouds can be obtained only if the heights, amounts, and opacities of the clouds are known. Hence it is desirable, if not necessary, to utilize only measurements of the infrared radiances leaving clear atmospheric columns to deduce the structure of the troposphere.
It is apparent that a near global network of observations of the infrared radiances leaving clear atmospheric columns can be provided only by a satellite radiometer of high geometrical resolution. The high geometrical resolution is necessary to observe the radiances propagating through any clear columns which may exist in the relatively cloudy regions of the globe. An objective method of deducing the clear-column radiances from a field of measurements taken over an atmosphere composed of broken clouds is described below.
Consider a field of radiation measurements as might be provided by a radiometer scanning a region of atmosphere composed of broken clouds. If the angular resolution of the scanning radiometer is sufficiently high, the measured radiances composing the field will propagate from either cloud-covered or cloudless columns. The amount of cloudiness, N , in the region of the observations is given by where n is the number of cloud-covered coiumns and m is the number of clear columns. Now the average of all the radiances, at a given frequency, measured in the field is given by
(9)
where PiD (v) and IC& (v) represent radiances measured over cloud-covered and cloudless columns, respectively. Since the mean radiances for the cloud-covered and cloudless columns are given by and respectively, equation (9) may be written utilizing (8) ab If the average radiance arising from the cloud-covered columns and the amount of cloudiness in the region are known, the average radiance leaving the cloudless columns may be determined, by equation (12), from the average of all the observed intensities in the region. In practice, however, it is impossible to obtain only radiances arising from completely cloudless and cloud-covered columns since a radiometer of finite resolution may often view columns which are only partially cloudy. It is then necessary to consider an analog to (12) i where I'(v) is an ((effective" cloud column radiance and N* is an ('effective'' doud amount. Since N must range between zero (cloudless) and one (overcast), it may be assumed that N* also ranges between zero and one. Under this assumption I*(v) is defined as to estimated values. If we assume that N* is not frequency dependent, the value obtained in equation (16) may then be utilized in (15) to provide estimates of I C L R (v) for the remaining spectral intervals which subsequently may be utilized to estimate the average temperature and moisture lapse rates pertaining to the total area scanned by the radiometer.
The complete procedure for deducing the average temperature and moisture profiles from a field of measurements over an atmosphere consisting of broken clouds may now be summarized as follows: (4) The same numerical predictor method described earlier is then utilized to obtain first estimates of the model parameters yl, 7 2 , and A. radiosonde profiles with the calculated profiles. As shown, the solutions for the average temperature and moisture lapse rates are entirely satisfactory. For this case the effective cloud amount, N*, converged to a value of 0.42.
The example given above illustrates the value of having radiation measurements of relatively high spatial resolution for determining temperature and moisture profiles in the atmosphere. The distinct advantage of this procedure is that it is not necessary to determine explicitly where any clouds are located or what percentage of cloud cover affects a single radiance measurement. It is required, however, that the set of data possess considerable information on the radiance propagating from any clear columns (i.e., N*<<l). If the field of view of the satellite radiometer is relatively small, this requirement can be met under most types of broken cloud conditions.
INFLUENCE OF RANDOM ERRORS OF OBSERVATION
Random errors in the radiance measurements can lead to totally unacceptable solutions for the temperature and moisture profiles. The number of iterations necessary for convergence is directly related to random errors in the radiance measurements. To demonstrate this relationship 100 sets of random errors, distributed according to a normal distribution with a standard deviation of one-half percent of the true radiance, were introduced into the exact radiances calculated from the A.R.D.C. Standard Atmosphere. From these 100 sets of error radiances, 100 solutions for the temperature and moisture profiles were obtained. Table 2 lists the largest mean of the absolute value of the temperature errors which occurred in all the solutions requiring less than 200, 300, 450, and more than 450 iterations. About 55 percent of the solutions were essentially unaffected by the random errors, and approximately 96 percent of the solutions are physically acceptable. The remaining 4 percent which are totally unacceptable solutions can be readily detected from the extreme number of iterations required to arrive at these solutions. I n the case of larger instrumental errors a similar relationship should be observed except that a much smaller number of deduced solutions could be utilized for meteorological purposes. 
CONCLUSION
It is felt that reliable estimates of the general temperature and moisture structure of the troposphere can be deduced from satellite radiation observations of relatively high spatial and medium spectral resolution. Although the type of radiation observations considered here have not yet been provided by meteorological satellites, it is hoped that similar measurements will be available in the near future. A study is currently being conducted to determine the optimum spectral characteristics of such measurements. These measurements should indeed be capable of filling the large gaps of meteorological information which presently exist over oceanic and other remote areas of the globe. 
